Introduction: Pregnancy losses may be associated with increased risks of dementia. 
Introduction
As the average lifespan has increased, so have the prevalence of dementia and its economic impact. In 2018, the annual health care and social costs associated with dementia worldwide were projected to reach the trillion-dollar mark [1] . Pharmacologic interventions to slow down dementia progression have not performed as well as anticipated, and research focus has shifted to dementia prevention strategies and a search for modifiable risk factors [2] . Many candidate risk factors have been proposed, but the Alzheimer's Association concluded in 2014 that significant uncertainty remained regarding the relationship between individual risk factors and dementia and that further studies were needed to provide a solid foundation for disease prevention [3] .
Evidence suggests that biological differences between the sexes may contribute to differences in dementia susceptibility [4, 5] , although sex-specific risk factors for dementia are not well understood [6] . The biological changes and events surrounding pregnancy are an obvious example of lifecourse events to which only women are exposed, suggesting that the impact of a woman's reproductive history on her risk of later dementia ought to be explored. In fact, a recent study found that a history of preeclampsia was associated with an increased risk of dementia, vascular dementia in particular, later in life [7] , and results from a second study suggested that incomplete pregnancies might be associated with a decreased risk of Alzheimer's disease [8] .
A history of pregnancy loss (miscarriage and stillbirth) is associated with increased risks of atherosclerotic disease and diabetes later in life [9, 10] . As both atherosclerotic disease and diabetes are predictors of dementia [11] [12] [13] , we hypothesized that pregnancy losses might also be markers of increased dementia risk. In a nationwide cohort of more than 1.2 million women, we compared the risks of dementia, overall and by subtype and timing of onset, in women with and without a history of pregnancy losses. We also explored the role played by cardiovascular disease, hypertension, and diabetes in these associations.
Methods

Data sources and study cohort
The Danish Civil Registration System registers all Danish residents using unique personal identification numbers and updates information on demographics and vital status daily [14] . The Medical Birth Register contains information on all live births and stillbirths in Denmark since 1973 [15] . The National Patient Register contains information on all hospital discharge diagnoses assigned since 1977 and all outpatient diagnoses assigned since 1995, registered using International Classification of Diseases (ICD) codes [16] . The Danish Causes of Death Register includes information on the causes (underlying and contributing) of deaths in Denmark since 1970 [17] . Finally, the National Prescription Register contains individual-level information on all prescriptions filled in Denmark since 1994, recorded using Anatomic Therapeutic Chemical codes [18] .
Using information from the Civil Registration System, Medical Birth Register, and National Patient Register, we constructed a study cohort consisting of all women in Denmark aged 15 years with at least one pregnancy ending in live birth, miscarriage, or stillbirth between 1977 and 2015 ( Fig. 1 ). Women were followed from the end of their first such pregnancy in the study period or 1 January 1994 (when ICD-10 codes were introduced in Denmark, allowing more reliable subclassification of dementia), whichever came later, until the first of (1) dementia; (2) death; (3) emigration; (4) designated "missing" in the Civil Registration System; or (5) 31 May 2017 (end of follow-up). Women with eligible pregnancies who died or emigrated before 1994 were excluded from the cohort, as were women with a diagnosis of dementia before the start of follow-up.
Exposure: Miscarriages and stillbirths
Miscarriage was defined as a missed abortion or spontaneous abortion registered in History of pregnancy loss was considered as a hierarchical time-dependent variable, where stillbirth was considered a more severe loss than miscarriage. A woman could contribute with person-time in more than one exposure category during follow-up, with her exposure status at any given time reflecting her most severe pregnancy loss to date. If she had a miscarriage followed by a live birth, she would be classified as having a history of one miscarriage until the end of follow-up, unless she later had a second miscarriage or a stillbirth. In the case of a second miscarriage, she contributed all subsequent person-time to the " 2 miscarriages" group. However, if she had a stillbirth, she was classified as having a history of stillbirth for the rest of the follow-up period, regardless of later events (subsequent miscarriages or live births). 
Covariates
We considered parity (number of live births and/or stillbirths, 1, 2, and 3), maternal birth year (5-year intervals), and maternal age as potential confounders; parity and age were treated as time-dependent variables. We also evaluated the influence of cardiovascular disease, 9 . Hypertension (prevalent hypertension already being treated in 1994, as well as new cases of hypertension with treatment initiated after 1994) was identified based on the filling of two prescriptions for antihypertensive medication (Anatomic Therapeutic Chemical codes C02-03, C07-09 registered in the National Prescription Register) within a 6-month period.
Statistical analysis
Using Cox regression with age as the underlying time, we estimated hazard ratios for dementia comparing women with and without a history of pregnancy loss. All analyses were adjusted for maternal age, maternal birth year, and parity; further analyses also evaluated potential confounding by cardiovascular disease, hypertension, and diabetes. We used competing risk methodology [19] when analyzing associations with dementia subtypes, censoring on dementia subtypes other than the subtype of interest. We checked the proportional hazards assumption by plotting cumulative martingale residuals against maternal age [20] . All analyses were performed using SAS statistical software, version 9.4 (SAS Institute, Inc., Cary, NC).
Sensitivity analyses
We performed a number of sensitivity analyses to evaluate the influence of additional covariates, some of which were well registered and others that were incompletely measured, on the observed associations. The former group included major depressive disorders, psychosis, and preeclampsia (not necessarily in the same pregnancy as any pregnancy loss), for which we additionally adjusted in our analyses. The latter category included smoking and obesity (body mass index 30), which were only registered from 1991 and 2004, respectively, and then only in connection with pregnancy; consequently, we could not adjust our analyses for these potential confounders. To determine the potential impact of these variables on the observed associations, we performed sensitivity analyses using the array approach for testing the impact of an unmeasured or incompletely measured confounder [21] . We based these analyses on the prevalence of obesity and smoking in Danish women [22] with histories of stillbirth, recurrent miscarriage, or no pregnancy loss, and a range of magnitudes for the associations between obesity, smoking, and dementia obtained from the literature [23] [24] [25] [26] .
Results
Using the Danish national registers, we followed 1,243,957 women for 21,672,433 person-years, with a median follow-up time of 21.6 years per woman (interquartile range: 11.6-23.4 years). Table 1 shows the characteristics of the cohort at entry into the study. The cohort consisted predominantly of younger women; 90% of the women were 42 years of age or less at the start of follow-up. The median age at the end of follow-up was 49 years; only 10% of women were .65 years of age at the end of follow-up.
By the end of follow-up, 10,440 women had a history of stillbirth, 203,654 women had had a single miscarriage, and 47,185 women had a history of 2 miscarriages. Dementia was diagnosed in 2188 women, with an average age at diagnosis of 60.2 years. In our cohort, 39.3% of women (n 5 860) were specifically diagnosed with Alzheimer's disease and 6.7% were diagnosed with vascular dementia (n 5 148); 54% of women (n 5 1180) were registered with other/unspecified dementia.
Women with a history of stillbirth had an 86% (95% confidence interval [CI] 28%-171%) increase in overall dementia risk compared with women with no history of pregnancy loss (Table 2) . By contrast, a history of miscarriage was not associated with overall dementia risk, either for women with one miscarriage (hazard ratio [HR] 0.99, 95% CI 0.87-1.12) or for those with two or more miscarriages (HR 1.06, 95% CI 0.84-1.35), compared with women with no history of pregnancy loss (Table 2) . A history of stillbirth was equally strongly associated with early-onset (,65 years) and late-onset (65 years) dementia (P 5 .49) ( Table 2) . Conversely, it appeared that a history of 2 miscarriages might be associated with a modest increase in risk of early-onset dementia but not with the risk of late-onset dementia (P 5 .02) ( Table 2) .
Compared with no history of pregnancy loss, a history of stillbirth was associated with a doubling of the risk of other/unspecified dementia and also appeared to be associated with an increased risk of vascular dementia. However, the confidence interval around the latter estimate was too wide to allow for firm conclusions and statistical testing showed that the estimates for vascular dementia, Alzheimer's disease, and unspecified dementia did not differ from one another (P 5 .91) ( Fig. 2; Supplementary Table 1 ). Women with a history of two or more miscarriages had twice Table 2b ).
Because dementia diagnoses are refined over time, we conducted a sensitivity analysis based on the last dementia diagnosis (if any) a woman received during the study period (Supplementary Table 3) . After this refinement, a history of stillbirth was associated with more than a four-fold increase in the risk of vascular dementia, while the association with other/unspecified dementia decreased somewhat. A history of 2 miscarriages remained strongly associated with vascular dementia risk but not with the risk of Alzheimer's disease or other/unspecified dementia.
The results of sensitivity analyses suggested that major depression and psychosis could not explain the observed associations. Adjustment for these comorbidities did not affect the association between a history of stillbirth and dementia overall (HR 1.86, 95% CI 1.28-2.71) and the association between a history of 2 miscarriages and vascular dementia was only slightly attenuated (HR 2.15, 95% CI 1.09-4.21). Similarly, adjustment for preeclampsia in any pregnancy did not change hazard ratio magnitudes meaningfully (association between stillbirth and overall dementia, HR 1.83, 95% CI 1.25-2.67; association between 2 miscarriages and vascular dementia, HR 2.21, 95% CI 1.12-4.34).
Sensitivity analyses also suggested that obesity was unlikely to be a strong enough confounder to explain the associations observed between stillbirth and dementia overall (Supplementary Table 4a ) and between recurrent miscarriage and vascular dementia (Supplementary Table 4b ). Assuming that obesity at most doubles the risk of dementia overall [24] , uncontrolled confounding by obesity would only have biased the observed hazard ratio for stillbirth and dementia overall by 6.21%, resulting in an adjusted estimate of 1.75 (95% CI 1.21-2.55). Similarly, even under the extreme assumption that obese women are five times as likely as normal weight women to develop vascular dementia [23] , uncontrolled confounding by obesity would only have biased the observed hazard ratio for recurrent miscarriage and vascular dementia by 13.1%, leading to an adjusted estimate of 1.98 (95% CI 1.01-3.88).
Confounding by smoking could not explain the observed association between stillbirth and dementia overall (Supplementary Table 5 ). Furthermore, because there is little evidence to suggest that smoking is associated with miscarriage, at least in the Danish population [27] , smoking was unlikely to be a confounder of the association between recurrent miscarriage and dementia.
Discussion
In this large nationwide cohort study, we found that a history of stillbirth was associated with an almost two-fold increase in the overall risk of dementia. The strength of the association did not appear to depend on age of dementia onset, and the magnitudes of the associations between stillbirth and specific dementia subtypes were not statistically significantly different from one another. The association between history of stillbirth and dementia overall remained pronounced even after adjustment for cardiovascular disease, hypertension, diabetes, major depression, psychosis, smoking, and obesity. By contrast, no association was observed between a history of miscarriage, either isolated or recurrent, and later risk of dementia overall.
The lack of association observed for miscarriage and dementia overall persisted when we looked at Alzheimer's disease separately: we found no hint of any association between a history of miscarriage, either isolated or recurrent, and risk of later Alzheimer's disease. This is in contrast to recently published results suggesting that incomplete pregnancies might be associated with a substantially reduced risk of later Alzheimer's disease [8] . However, the two studies are difficult to compare. The recent study by Jang and colleagues included not only miscarriages but also induced abortions in its definition of "incomplete pregnancy," and women who had never been pregnant were included in the reference group [8] . We only considered the association of spontaneous abortions with later dementia among women who had ever been pregnant, to separate the potential contribution of pregnancy loss to dementia risk from the contribution of pregnancy itself. Interestingly, although we found no association between miscarriage and Alzheimer's disease, our analyses of dementia subtypes hinted that recurrent miscarriage might potentially be associated with a doubling of the risk of later vascular dementia, a connection that has not previously been reported. However, owing to the small numbers of exposed women in these analyses, these results should be interpreted with caution and confirmed by others.
Our finding that stillbirths were associated with an increased risk of dementia provides little support for the hypothesis promoted by Jang and colleagues that exposure to pregnancy-induced increases in estrogen levels might protect women against dementia [8] . Instead, stillbirth, and potentially also miscarriage, may be linked with dementia through shared mechanisms involving vascular pathology and endothelial dysfunction. Such mechanisms could produce both poor placental implantation during pregnancy, leading to pregnancy losses, and ideal conditions for dementia later in life. Previous studies linking pregnancy loss and vascular diseases [9, 28, 29] indicate that associations between pregnancy complications involving vascular pathology and dementia, vascular dementia in particular, are plausible. Moreover, data from pathology and epidemiologic studies suggest considerable overlap between cerebrovascular disease and Alzheimer's disease [30] . Alternatively, high homocysteine levels in early pregnancy are also a risk factor for pregnancy loss [31] , and increased total homocysteine levels have been associated with vascular dementia [32] . Abnormal maternal immune responses could also plausibly link pregnancy loss with later dementia; a recent study found that autoimmune diseases had a strong impact on the risk of vascular dementia [33] . Finally, apolipoprotein E (APOE) gene polymorphisms have been associated with recurrent pregnancy loss, with variants in APOE2 and APOE4 associated with increased risk of recurrent losses, whereas a variant in APOE3 might be associated with a reduction in risk [34] . APOE4 variants are strongly associated with an increased risk of Alzheimer's disease, and there is evidence to suggest that they might also be associated, albeit not as strongly, with an increase in vascular disease risk [35] . Consequently, a woman's APOE status might also contribute to the associations we observed.
Hypertension, obesity, and diabetes might also link stillbirth and dementia. However, adjusting for cardiovascular disease, hypertension, and diabetes had little effect on the observed associations between stillbirth and dementia in our study, suggesting that the association is likely not mediated by other vascular conditions but instead may be a consequence of shared underlying etiologic factors. Similarly, a proportion of women who have experienced a stillbirth develop depression and other psychiatric comorbidities [36, 37] , and depression early in life may be a risk factor for dementia [38] [39] [40] , suggesting that depression might play a role in the observed association between stillbirth and dementia. However, adjustment for major depression and psychosis did not change the magnitude of the association between stillbirth and dementia, suggesting that these psychiatric comorbidities were neither confounders nor mediators of the observed association.
Strengths and potential limitations
Our register-based design allowed us to construct a nationwide cohort of all registered births and pregnancy losses over a 38-year period, with ascertainment of exposure and outcome that did not depend on personal recall of events.
The population-based nature of the registers also minimized selection bias. Validation studies have stated a nearcomplete (.99.5%) recording of births in the Medical Birth Register [15] .
Not all dementia is diagnosed, and registration of dementia is probably also incomplete or at least delayed, as general practitioners handle a certain proportion of the milder cases of dementia [41] . However, a study of dementia diagnoses registered in the National Patient Register found that 88% of persons with a registered dementia diagnosis did in fact have dementia according to their medical records, and registered diagnoses of Alzheimer's disease, vascular dementia, and other/unspecified dementia agreed with the diagnosis noted in the medical record for 97%, 96%, and 81% of patients, respectively [42] . Whether dementia in our study population was diagnosed or registered was unlikely to have depended on pregnancy history, such that any misclassification of persons with dementia as healthy would have been nondifferential.
Because the women in our cohort were followed from the end of their first pregnancy in the study period, as a group they were still relatively young at the end of follow-up (only 10% were .65 years of age). As a result, the rates of dementia we report here are much lower than those one would expect from a study that followed women into their 70s and 80s [43] , and we appeared to have an excess of early-onset dementia (64% of our dementia cases were diagnosed before 65 years of age). However, the observed rates of dementia compare favorably with incidences reported in studies of early-onset dementia (incidence among persons 45-64 years of age, 2.4 to 11.9 per 100,000 persons [44] ). There were also relatively few women diagnosed with Alzheimer's disease (39% of the dementia diagnoses in our cohort), compared with the proportion (54%) who were registered with a diagnosis of other/unspecified dementia. Again, this imbalance likely reflects both the clinical challenges involved in classifying dementia into its subtypes, particularly when many patients exhibit "mixed" forms of dementia, and the relative youth of our cohort. Dementia diagnoses are often refined over time and our relatively young women may not have been followed long enough to allow assignment of a more specific diagnosis; furthermore, the prevalence of Alzheimer's disease increases with age.
We did not have information on several variables potentially relevant to dementia risk, including socioeconomic status, education, employment, ethnicity, smoking, and obesity. However, while socioeconomic factors, including education, are associated with dementia risk [45] , there is little evidence to suggest that they are associated with stillbirths in Danish women; for example, a study found no relationship between maternal education and risk of stillbirth [46] . The impact of any potential confounding by educational level and other indices of socioeconomic status were also likely reduced by Denmark's free, universal health care and education systems. Our cohort was comprised overwhelmingly of women of Scandinavian descent, such that any confounding by ethnicity was also likely to have been minimal; this ethnic homogeneity may, however, have limited our study's generalizability to other populations.
Smoking during pregnancy has been linked with a slightly increased risk of stillbirth [47] . Studies relating smoking to the risk of dementia have produced inconsistent results [45, 48] , and a recent meta-analysis showed that only current smoking, and not former smoking, increased the risk of both Alzheimer's disease and vascular dementia [26] . When we evaluated smoking as a potential unmeasured confounder, we found little evidence that confounding by smoking could have accounted for the observed associations.
A recent meta-analysis suggested that obesity might be modestly associated with dementia overall [24] , although effect magnitudes appeared to depend both on whether the comparison group only consisted of normal weight women or whether overweight women were also included, and on when weight was evaluated (mid-life vs. late-life). Evidence for a relationship between obesity and vascular dementia risk is even more sparse and inconsistent [23] [24] [25] . However, when we conducted sensitivity analyses of the effect of unmeasured confounding by obesity, we found that obesity could account for only a small percentage of our observed associations, even when we assumed the most extreme degree of association between obesity and dementia published in the literature [23] .
Public health impact
Examining the relationships between elements of a woman's reproductive history and dementia risk may shed new light on mechanisms involved in dementia pathophysiology and help to identify pathways to dementia that are unique to women. Pregnancy history could also potentially be incorporated into a screening tool to identify women at increased risk of dementia at a relatively young age, allowing interventions targeting modifiable risk factors to be implemented and increasing the chance that dementia could be prevented or at least delayed.
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RESEARCH IN CONTEXT
1. Systematic review: We searched PubMed for literature on dementia risk factors related to pregnancy. Only one previous study examined the link between incomplete pregnancies and dementia, finding that incomplete pregnancies were associated with a decreased risk of Alzheimer's disease.
2. Interpretation: Our nationwide cohort study found that a history of stillbirth was associated with an increased risk of dementia overall. A history of miscarriage was not associated with the overall risk of dementia. Recurrent miscarriage might be associated with an increased risk of vascular dementia, but there were few exposed events. Confounding by cardiovascular disease, hypertension, diabetes, obesity, and smoking could not account for the observed associations, suggesting that pregnancy losses and dementia may share etiologic pathways.
3. Future directions: Future studies should evaluate 1) potential shared mechanisms for pregnancy loss and dementia subtypes, and 2) whether asking about pregnancy losses might improve screening tools to identify women at risk of dementia.
